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Abs trac t 

We have used a Holtafpel-type diamond anvil cell to 

determine the NH - H 0 phase diagram in the reQion from 0 

to 33 mole percent NH 240 to 370 K ,  and 0 to 5 GPa. The 

following phases were identified: 1 iquid; water ices Ih, 

3 2 
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111,  U, VI, UII, and UIII; ammonia monohydrate, NH .H 0; 
3 2  

and ammonia dihydrate NH .2H 0 .  Ammonia dihydrate becomes 
3 2  

prominent at moderate pressures (less than 1 GPa), with 

planetologically significant imp1 ications, including' the 

possi bi 1 i ty of layering in Ti tan's magma ocean. 

I 



Introduction 

The ~ e o l o g y  and history of icy bodies in the solar 

system can only be understood if the phase relations of 

their constituent ices are known. The principal 

ice-forming component molecules in the solar system are 

water ( H  O ) ,  methane (CH ) ,  and ammonia (NH These 
2 4 3 

compounds are expected to occur in the solar system 

abundance ratios f o r  0 ,  C, and N: 100 to 25 to 18 [Hunten, 

Pt aJ., 19831. As water ice is the predominant sol id ice 

phase, methane and ammonia are most likely to be stable as 

hydrates: methane as methane clathrate hydrate (CH m6H 0 )  

and ammonia as ammonia dihydrate (NH .2H 0 )  or monohydrate 

(NH mH 0 ) .  While the properties of icy bodies with core 

pressures of less than 0.5 GPa (such as Enceladur and 

4 2  
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Mimas) can be predicted based on atmospheric-pressure 

phase diagrams, understanding the larger and more 

tectonically active icy satellites such as Titan and 

Triton require knowledge o f  phase relations to at least 5 

GPa 

The effect o f  m o n i a  on ice phases is potentially 

much greater than that of methane, since ammonia and water 

form stoichiometric compounds with properties distinctly 

different from those of water ices. The lack of data on 

the stabil ity of ammonia hydrates at planetologically 

important pressures has prompted our study of the NH -H 0 

phase diaQram to 5 GPa. 
3 2  

We have based our work on a number of previous 



studies: especially important are the investigations of 

the NH -H 0 system at atmospheric pressure by Clifford and 
3 2  

Hunter 119333 and Rollet and Vuillard 119561. The 

rheol ogr of ammoni a-water 1 i q u  i do under pressure has been 

studied by McKinnon and Meadows 119841. The P-T phase 

diagram for H 0 has been determined by several 

inuesti~ntorr; we take the work of Mishima and Endo f19803 

as a starting point. The ammonia P-T phase diagram has 

been invert igated by Mi 11s and coworkers [Mi 1 1  s u., 
19821, and we haue previously described the P-1 me1 t ing 

curve for ammonia monohydrate [Johnson fi u., 19851. 

2 

For the purposes of this investigation, we haue 

chosen to examine only the pressure range relevant to icy 

satell i tes, 0 to 5 GPa; the temperature ranQe releuant to 

the high-pressure liquidus surface, 240 to 370 K; and the 

composition range relevant to the water-ice/ammonia 

hydrate eutectic, 0 to 33 mole percent NH . Preliminary 

results have been communicated in Johnson et fi. 11983, 
1984, and 19851 and in Johnson and Nicol 119853. 
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Exper  i m e n t a l  

Sta.r  t i na M a t e r  i a1 s and Ooera t  i nta Condi t i o n s  

Compounds b e l o w  31 m o l e  p e r c e n t  NH w e r e  made f r o m  
3 

m i x t u r e s  o f  c o n c e n t r a t e d  r e a g e n t  aqueous ammonia and 

d i s t i l l e d  w a t e r ,  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  or 

d e ~ a s s i n g .  C o m p o s i t i o n s  were c h e c k e d  i n  t w o  ways: e i t h e r  

by t i t r a t i o n ,  w i t h  an a c c u r a c y  o f  0.1 m o l e  p e r c e n t  NH ; or 

by d e n s i t y  measurements  a t  known t e m p e r a t u r e s ,  

b a c k - c a l  i b r a t e d  t o  t i  t r a t e d  standards, w i  t h  an e s t i m a t e d  

a c c u r a c y  o f  0.2 m o l e  p e r c e n t  NH 

g r e a t e r  than 31 m o l e  p e r c e n t  ammonia, samp les  w e r e  made 

f r o m  gaseous  ammonia (99.99% p u r e )  and d i s t i l l e d  w a t e r ,  

m i x e d  by w e i g h t  i n  a s t a i n l e s s  s t e e l  loading l i n e ,  and 

1 oaded  u n d e r  p r e s s u r e .  Sample composi  t i ons w e r e  c h e c k e d  2 

p o s t e r i o r i  by d i l u t i o n  and t i t r a t i o n .  

3 

For compounds w i t h  
3. 

Each sample  was moun ted  i n  a h a r d e n e d  316 s t a i n l e s s  

s t e e l  Q a s k e t  i n  a diamond a n v i l  c e l l  (DAC) o f  t h e  

H o l r a p f e l  t y p e  t H i r s c h  and H o l t a p f e l ,  19813, w h i c h  a l l o w e d  

f i n e  a d j u s t m e n t  o f  p r e s s u r e  i n  t h e  p r e s s u r e  r a n g e  we 

examined.  The p r e s s u r e  was m o n i t o r e d  by using the  ruby 

l u m i n e s c e n c e  t e c h n i q u e  [ P i e r m a r i n i  do, 19751. Liquids 

w i t h  high ammonia c o n c e n t r a t i o n s  w e r e  i n t r o d u c e d  i n t o  t h e  

DAC i n  a 316 s t a i n l e s s  s t e e l  loading box .  

The p h a s e s  p r e s e n t  i n  each sample were  d e t e r m i n e d  by 

v i s u a l  i n s p e c t i o n ,  u s u a l l y  i n  p l a n e - p o l a r i z e d  1 ight .  For 

u a r i a b l e - t e m p e r a t u r e  runs, the  DAC w a s  m o u n t e d  in a 



cryostat with fused quartz windows, connected to a 

circulating bath filled with water-antifreeze mixture and 

heated by  JO-watt resistors. Some of the room temperature 

runs and all of the variable temperature runs were 

observed with rotating crossed polariters in place; this 

simp1 if ied the identification of many phases. 

Identification of Phases 

The following phases were routinely seen in the DAC: 

Ices VI, UII, and UIII; ammonia monohydrate, NH .H 0; and 

ammonia dihydrate, NH .2H 0. Ices Ih, 1 1 1 ,  and U were 
3 2  
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rarely seen. Each of the ammonia compounds appeared to 

have one structure over the range of pressures and 

temperatures we obserued. 

Ice UII resembled its description in the literature 

[Whatley and Uan Valkenburg, 1967; Yunamoto, 19801. Ice 

VI was usually seen as a rime-1 ike frosting on the diamond 

surface, with low polarization colors. Blocky crystals 

matching the description of Ice VI by Yamamoto 119821 were 

identified as Ice U and only seen in its stability field; 

the Ice U crystals had much higher polarization colors 

than Ice VI. Ice VI11 looked just like Ice UII, but was 

stable over a different temperature range; during the 

transition between Ice VI1 and Ice UIII, boundaries 

between grains developed high re1 ief, then disappeared 

entirely. Ice I 1 1  was tentatively identified as the 

cloudy solid seen at low temperatures. In one set of 

runs, Ice I h  was also seen; this looked frostlike, much 
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l i k e  I c e  V I .  

Ammonia monohydrate was o n l y  seen ( w i t h  I c e  VI1 or  

V I I I )  as a product of the breakdown o f  ammonia d ihydrate 

a t  h igh  pressures. High pressure monohydrate i o  n e a r l y  

i s o t r o p i c  and has a medium high r e l i e f ,  h igher  than tha t  

of d ihydra te  and l e s s  than that o f  I c e s  VI1 and U I I I .  

Under ob l ique i l l u m i n a t i o n  i t  i s  t i n t e d  blue. The 

p r o p e r t i e s  o f  high-pressure monohydrate are cons is ten t  

w i t h  the s t r u c t u r e  repo r ted  for orthorhombic ammonia 

monohydrate a t  l o w  temperature and ambient pressure 

tOlovsson and Templeton, 19591. 

Ammonia d ihydrate has a v e r y  l o w  r e l i e f ,  comparable 

t o  t ha t  o f  the more water-r ich l i q u i d  accompanying i t  i n  

these i nucst i qat i onr. Crystal s w e r e  s t r o n g l y  po la r  i r e d  

and u s u a l l y  twinned, po lysyn the t ica l  IY or  i n  cross- l  ike 

tw ins  w i t h  arms a t  70 The c r y s t a l s  cracked alon9 the 

po lysyn the t i c  tw in  planes as pressure was appl iedr  these 

are therefore cleauage planer 8s w e l l  . Between crossed 

p o l a r i t e r s ,  d ihydrate was of ten seen t o  haue two 

e x t i n c t i o n s  a t  70 because of the twinning. A t  room 

temperature, d ihydrate has t h e  same r e l i e f  as 15 mole 

percent ammonia s o l u t i o n  and was o n l y  v i s i b l e  w i t h  crossed 

p o l a r i t e r r .  The d ihydrate phase seen i n  our i n u e s t i g a t i o n  

may haue the same s t r u c t u r e  as i t s  l o w  temperature 

counterpar t ,  which i s  known f r o m  powder d i f f r a c t i o n  data 

[ B e r t i e  and Shehata, 19843. 

0 

0 

L i q u i d  wa5 observed as i s o t r o p i c  ma te r ia l  w i t h  r e l i e f  

s i m i l a r  t o  tha t  o f  d ihydrate and subhedral (concaue) 



boundaries. On the time scale of our experiments, 

crystals persisted long after their first melting was 

obserued; melting was identified by the dissolution of 

crystal boundaries. 

Because the sample in the DAC is small and 

inaccessible to prod din^, we sometimes experienced 

difficulty in nucleating phases, especially Ice VI. In 

order to overcome this difficulty, we lowered the pressure 

to the bottom of the Ice VI stability field where 

nucleation was enhanced. Metastable melting was a similar 

problem: Ice VII, for instance, would melt rather than 

form the more stable Ice VI as pressure deCP@.SCd. 

Because of this, for a11 points i n  Tables 1 and 2, we have 

noted the direction in P-T space from which the sample has 

cuolued; presumed metastable states w e  labelled with the 

l e t t e r  Y D  



. -  

. - .: 

R e s u l t s  - t h e  Phase Diagram 

T a b l e  1 l i s t s  t h e  phases  seen fo r  NH -H 0 m i x t u r e s  a t  

v a r i o u s  p r e s s u r e s  a n d  room t e m p e r a t u r e .  T a b l e  2 g i v e s  t h e  
3 2  

phases  seen i n  u a r i a b l e  t e m p e r a t u r e  ( c r y o s t a t )  runs. A l l  

n o n - m e t a s t a b l e  p o i n t s  a t  29422 K a r e  p l o t t e d  i n  F i g u r e  1 .  

T h i s  i s  s l i g h t l y  d i f f e r e n t  f r o m  p r e v i o u s  u e r s i o n s  o f  t h i s  

f i g u r e  [Johnson et a m  1983, 1984, 19851 and c o n s i s t e n t  

w i t h  t h e  t o t a l  data s e t .  The e n t i r e  data s e t  i n  P-T space 

i s  shown i n  F i g u r e s  2a t h r o u g h  2 i ,  w h i c h  are s e c t i o n s  a t  

c o n s t a n t  b u l k  c o m p o s i t i o n .  A c o n s i s t e n t  s e t  o f  phase 

b o u n d a r i e s  i s  a l s o  i n d i c a t e d  on t h e s e  d iag rams .  

The l i qu idus  i s  shown as a P-x p r o j e c t i o n  c o n t o u r e d  

f o r  t e m p e r a t u r e  i n  F i g u r e  3, and t h e  P-T p r o j e c t i o n  o f  t h e  

phase d i a g r a m  as a w h o l e  i s  shown i n  F i g u r e  4. S p e c i f i c  

d e t a i l s  o f  t h e  phase diagram a r e  d i s c u s s e d  be low.  

Wate r  I c e  R e l a t i o n s  

To t h e  l i m i t  o f  p r e c i s i o n  of t h i s  study, none o f  t h e  

b o u n d a r i e s  be tween s o l i d  phases  o f  w a t e r  are s h i f t e d  by 

t h e  p r e s e n c e  o f  ammonia. T h e r e f o r e ,  t o  f i r s t  o r d e r ,  t h e  

a c t i v i t y  of NH i n  I c e s  UI, U I I ,  and U I I I  i s  zero. O f  

c o u r s e ,  i n c r e a s i n g  t h e  amount o f  ammonia p r e s e n t  

i n c r e a s e s  t h e  s t a b i l i t y  o f  t h e  l i q u i d  r e l a t i v e  t o  i c e ,  

thus s u p r e s s i n g  t h e  i c e  m e l t i n g  c u r v e s .  

3 

I c e  - Dihyd re . te  - L i a u i d  E u t e c t i c  

A t  room t e m p e r a t u r e ,  t h e  I c e  V I  - d i h y d r a t e  - l i q u i d  
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e u t e c t i c  i s  a t  17 m o l e  p e r c e n t  ammonia and 1.58 GPa. From 

a t m o s p h e r i c  p r e s s u r e  t o  2.0 GPa, t h e  I c e  (any phase)  - 
d ihydrate - l i q u i d  e u t e c t i c  curwe can b e  f i t  by t h e  

cqua t i on 8 

T = 174 + 112.5 P - 22.9 P (r = 0.83) 
eu e u  e u  

where  t h e  c u r v e  has been f i t through t h e  d i h y d r a t e  me1 t i n g  

p o i n t  a t  a t m o s p h e r i c  p r e s s u r e  (174 K ) ,  as w e l l  as through 

our data.  The e u t e c t i c  curwe i s  w e l l  f i t  by t h e  

e x p r e s s i o n  

x = 13.35 + 2.52 P (r = 0.96) 
eu e u  

in  t h e  range 0.7 t o  2.0 GPa (240 t o  300 K ) i  x should 

c u r v e  back t o w a r d  d i h y d r a t e  c o m p o s i t i o n  both as p r e s s u r e  

approaches  one a tmosphere  and above 2 GPa <see F i g u r e  3). 

e u  

Dihydrate Me1 t i n a  Curve 

A t  room t e m p e r a t u r e ,  d i h y d r a t e  m e l t s  a t  0.88 GPa. 

AssuminQ t h e r e  i s  on ly  one d i h y d r a t e  phase be tween 

a t m o s p h e r i c  p r e s s u r e  and 3.4 GPa, t h e  p u r e  d i h y d r a t e  

m e l t i n g  c u r v e  can be a p p r o x i m a t e d  as a p o l y n o m i a l  i n  I n  P: 

2 
T = 296.1 + 17.5 l n  P + 0.47 ( I n  P ) 

m m m 

where  T i s  i n  K and P i n  GPa. Th is  curve i s  a b e t t e r  

f i t  t o  the  m e l t i n g  data than one that  i s  e i t h e r  q u a d r a t i c  
m m 



in P or linear in (In P). 

Dihydrate Decompoei t ion at P r e s s u r e  

Dihydrate breaks down to Ice V I 1  ( o r  Ice VIII) plus 

monohydrate at 3.45 GPa; this result is apparently 

independent of temperature. The monohydrate plus Ice V I 1  

mixture remains stable at room temperature to at least 

14.7 GPa. 

T h e  Hiaher Ammonia Reaion 

Points with greater than 33 mole percent NH are 
3 .  

reported in Figure 2i. This region is currently being 

explored by other workers ( S .  Boone, UCLA, pers. comm., 

1986) and will not be discussed further here. 

Monohydrate Phase Relations 

Me1 ting of monohydrate was seen in the 5 mole percent 

NH sample at 3.87 GPa and a temperature somewhere aboue 

313 K. The ualue of  330 K has been adopted f o r  this 

melting point from comparison with similar amounts o f  

laser heating in pure H 0 runs. This value i s  also 

consistent with the monohydrate melting curve (Figure 5 ) .  

3 
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Discussion - t h e  Phase Diagram 

The main r e s u l t  o f  t h i s  study i s  the discovery tha t  

ammonia dihydrate should b e  a major rock-forming 

( ice-forming) compound i n  the i n t e r i o r s  o f  i c y  s a t e l l i t e s ;  

t h i s  was not a n t i c i p a t e d  because o f  the small d ihydrate 

r t a b i l  i t y  range a t  l o w  pressure. Dihydrate does no t  

condense from nebular gases, bu t  w i l l  form from l i q u i d  a t  

depths as shal low as 1 km (0.02 GPa) f o r  T i tan -s i red  

ea te l  1 i tes. 

The me l t i ng  curue o f  d ihydrate has been approximated 

as a polynomial i n  ( I n  P ) .  T h i s  desc r ip t i on  o f  d ihydrate 

me1 t i n g  behauior suggests t h a t  the compressibi l  i t y  

d i f fe rence between d ihydrate and m e l t  a long the m e l t i n g  

curve i s  not constant bu t  decreases monotonica l ly  w i t h  

increasing pressure, which may be due t o  continuous 

changes i n  the s t r u c t u r e  o f  the m e ? t .  (S imi la r  behauior 

i s  seen i n  the m e l t i n g  o f  the a l k a l i  meta ls  tZha and 

Boehler, 19851, an analogy tha t  may b e  more mis leading 

than useful .) 
The anomal ous me1 t i ng proper t i e s  and unexpected1 y 1 ow 

r e l i e f  of d ihydrate would make more sense i f  t h i s  phase 

w e r e  i t s e l f  a glass. Glass i s  commonly formed instead o f  

c r y s t a l l i n e  phases i n  t h e  f reez ing  of ammonia-water 

mix tu res  a t  l o w  pressure [ R o l l e t  and V u i l l a r d ,  1956, Van 

Kasteren, 19731. Howeuer, the d ihydrate phase i s  u n l i k e l y  

t o  be a glass fo r  a simple reason: i t  i s  s t r o n g l y  

an isot rop ic ,  as seen from i t s  p o l a r i z a t i o n  co lo rs .  (Euen 
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dihydrate in contact with liquid is strongly polarized, so 

stress alone does not explain this.) 

We have assumed that our high-pressure dihydrate is 

the same phase as ambient pressure dihydrate. The 

imp1 ications of this assumption f o r  planetary model1 ing 

are discussed by Lunine and Steuenson 119861. This idea 

could be tested by optical examination of the low-pressure 

phase, and by crystal structure determination of 

high-pressure dihydrate. The extent of compositional 

uariation in dihydrate at high pressures can be determined 

by point counting and quantitatiue refractiue index 

determination, and by further synthesis experiments. 

In summary, it is important to emphasize the features 

of this research of which we are most certain8 the 

enhanced stabi 1 i ty of dihydrate with pressure; i ts 

physical properties (density, twinning, cleauage) and 

opt i cal ani sotropy; and espec i a1 1 y the pressure, 

temperature and compori t ion81 dependence of the water 

ice-dihydrate melting surface between 240 and 320 K.  



Planetary Imp1 ications 

Previous calculations by planetary modellerr [Lewis, 

1971; Consolmagno, 1975, 1983, 1985; Hunten a., 19831 
have included ammonia as monohydrate or as the 

atmospheric-pressure eutectic liquid, which has a 

composition close to that of ammonia dihydrate. For 

understanding accretion and processes on the surfaces of 

icy satellites, this approach is probably sufficient. 

Recognition of the existence of dihydrate leads to a new 

understanding of the fate of ammonia at depth, however, 

and of its effect on processes at depth. Lunine tl9851 

and Lunine and Steuenson 11985, 19861 have included 

dihydrate in their thermal models of satell ite euolution; 

but for physical and tectonic models, the following 

properties of dihydrate may also be releuant: 

i.  Ammonia dihydrate forms in significant amounts only 

from a me1 t under pressure, monohydrate being the 

phase that condenses from a vapor or at l o w  pressure, 

i i .  Dihydrate neither sinks below nor floats above the 

eutectic liquid at 1.5 GPa pressure; a similar, more 

stable balance is expected to occur at much lower 

pressure. 

i i i .  Owing to the fracture/cleauage/twinning planes seen 

in dihydrate, larQe single crystals should have zones 

of weakness where sliding would be enhanced. 

The second point will be further elucidated in an example 

based on a model from Lunine and Stevenson. 
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The maoma ocean and atmosDhere o f  Titan 

Lunine and Stevenson f19861 present a model for 

Titan's evolution in which, f o r  a long period in the 

satellite's development, a methane-depleted water/ammonia 

ocean is present, capped by Ice I and underlain by water 

ice, clathrates, and rock. As the ocean cools, phases 

crystallite, the first being water ice, which, depending 

on the pressure at which it  is formed, will either float 

to the top (Ice Ih) or sink to the ocean floor (other ice 

phases) . 
Over a 1 imi ted pressure range (see Figure 4 ) ,  

dihydrate will crystallite first. Whether it is more or 

less bouyant than the accompanying 1 iquid depends on the 

composition of  the liquid and on the pressure and 

temperature of  crystal1 itation, since dihydrate is 

comparable to 1 S A  ammonia solution in density. At a point 

where the density of dihydrate is equal to that of the 

me1 t, the stabi 1 ity of a dihydrate layer depends on the 

relative curuature of the pure dihydrate melting curve and 

of the eutectic curve in P-Tspace (Figure 5 ) .  At high 

pressure (1.7 GPa), dP/d'T is greater for dihydrate melting 

than for eutectic melting, so dihydrate will gradually 

float or sink away from a point where the two haue equal 

density. At l o w  pressures however (T < 200 K ) ,  since the 

eutectic becomes less ammonia-rich (denser) as pressure 

increases, dP/dT is less f o r  dihydrate than f o r  eutectic 

melt, and dihydrate crystals can segregate into a distinct 



layer,  which might be preserved as the magma c o o l s .  

Obuiously, convection i n  the magma ocean would tend t o  

break up t h i s  layer .  

. -  
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Sunmar y 

We have demonstrated that ammonia d ihydra te  has 

s i g n i f i c a n t l y  enhanced s t a b i l  i t y  a t  h igh  pressures and 

c o n t r o l s  the ammonia-water e u t e c t i c  m e l t  a t  the cosmic 

rmmonia/water composition. The a d d i t i o n  o f  ammonia t o  the 

chemical bas i s  f o r  model l ing i c y  p lane ts  can lead  t o  

unexpec ted  proper t i es f o r  t h e  s u r f  aces and i n t e r  i ors o f  

these bodies and t o  mod i f ied  evo lu t i ona ry  schemes. This  

work demonstrates the importance o f  pressure as a uar iab le  

i n  p lane ta ry  pe t ro logy ,  and i 1 l u s t r a t e s  the usefulness o f  

the diamond anu i l  c e l l  as a gateway t o  the h igh  pressure 

regime. 
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Figure Captions 

F ig .  1. Isothermal 29422  K phase diagram f o r  the 

water-r ich reg ion  o f  the NH -H 0 system. The coding f o r  

p o i n t s  i s  expla ined i n  Figure 23. Abbreuiat ionst  D - 
3 2  

Ammonia dihydrate,  NH .2H 0 ;  M - Ammonia monohydrate, 
3 2  

NH .H 0; L - L iqu id ;  V I  - I c e  V I ;  VI1 - I c e  UII. 
3 2  

Fig.  2. Pressure-temperature phase diagram f o r  the 

water-r ich reg ion  o f  the NH - H 0 system, sect ioned by 

mole percent NH-. Pure H-0 t i e - 1  i n e s  are shown as 
3 2 

a z 

3. 
reference 1 ines on a l l  f i gu res .  (a) 0% NH 

boundaries drawn for 5% NH 

NH 

drawn f o r  15% NH 

( c )  Boundaries 

( e )  

( f )  Boundaries drawn f o r  

3. 

3. 
(d) Boundaries drawn f o r  13% NH 

3. 

3. 

(b) Phase 

drawn f o r  10% 

Boundar i es 

20% NH (9) 3. 
(h) Boundaries drawn.for 

3. Boundaries drawn f o r  25% NH 

30% NH 

33.3% NH 

( i )  Phase boundaries drawn f o r  pure dihydrate,  
3. 

<j> Legend. 
3. 

Fig.  3. L iqu idus  contoured a t  i nd i ca ted  temperatures, P - 
x p ro jec t ion .  Abbreuiat ions:  L - L iqu id ;  D - Dihydrate; M 

- Monohydrate; I h  - I c e  Ih ;  Roman numerals - Water I c e s .  

F ig .  4. Water-r ich reg ion  o f  the NH - H 0 phase diagram, 

P - T p ro jec t i on ,  contoured i n  mole percent NH 
3 2 

Where 
3. 

dihydrate i s  the l i q u i d u s  phase, l i n e s  are s o l i d ;  where a 

water i c e  i s  the l i q u i d u s  phase, l i n e s  are dotted. 



FiQ.  5. Dihydrate and monohydrate melting curues and the 

water ice-dihydrate eutectic between 175 and 325 K.  The 

numbers refer to mole percent NH at the eutectic 

composi ti on. 
3 



Table 1. Room temperature runs. 

Compos it ion P T 
mole X "3 GPa K Direct ion Phases 

f0.2 i0 .03  *1 of Approach Present 

0 .o 2.52 

2.70 

1.80 

0.98 

1.23 

2.38 

2.18 

2.13 

2.21 

1.95 

4.7 1.13 

1.11 

0.31 

2.14 

2.03 

2.36 

1.74 

1.07 

1.34 

0.99 

10.3 2.25 

2.13 

1 073 

1.58 

29 6 

296 

29 3 

293 

293 

293 

29 3 

293 

293 

293 

292 

292 

292 

292 

29 2 

292 

292 

292 

29 2 

292 

292 

292 

29 2 

292 

Pt 

P+ 

P+ 

P+ 

Pt 

Pt 

Pt+ 

P+ 

P+ 

P+ 

Pt 

P+ 

P+ 

Pt 

P+ 

P+ 

P+ 

P+ 

P+ 

P+ 

Pt 

P+ 

P+ 

P+ 

7 

7 

Y (7+L) 

YL 

Y L  

7 

7 

7 

7 

Y ( 7+L) 

6 

6+1 

1 

7 

6 

7 

6 

6+1 

6+1 

1 

7+D 

7 

1 

1 



10.3 1.97 

13.5 2.21 

3 m79 

3m37 

2.85 

1-57 

19.2 3.978 

1 .47a 

2.51a 

2 . 23a 

1 50a 

2 . 44a 
2.228 

2 . a2a 

1.76 

3.06 

1.31 

2.01 

1 093 

1.54 

0.16 

24.3 1.79 

2.00 

1.10 

1.22 

2.13 

1.93 

29 2 

295 

295 

295 

29 5 

295 

293 

293 

29 3 

293 

29 3 

293 

293 

296 

296 

296 

296 

296 

29 6 

296 

29 6 

292 

29 2 

292 

29 2 

292 

292 

Pt 

Pt 

Pt 

P+ 

P+ 

P+ 

Pt 

P+ 

P+ 

P+ 

Pt 

Pt 

Pt 

P+ t 

Pt 

P+ 

Pt+ 

P+ 

P+ 

P+ 

Pt 

P+ 

P+ 

Pt 

Pt 

Pt 

YL 

7+L 

7+M 

7+D 

7+D 

L 

7 

D+L 

7+D 

D 

L 

7 

7+D 

D 

VL 

7+D 

L 

D 

D 

L 

L 

D+L 

lJ 

lHL 

DtL 

D 

6+D 



24.3 3.35 292 P t  7+D 

3-40 292 - 7+D 

31 e 1  1.65 294 P t  D 

1 e68 294 P+ D+L 

1.71 294 P+ IHL 

1.86 294 P+ D+L 

1.74 294 P+ IHL 

1.13 294 P+ D 

0.02 294 P+ 1 

Notes to Table 1: 

M - ammonia monohydrate. 
Phases: 7 - Ice VII; 6 - Ice V I ;  L - l iquid;  D - rPPmonia dihydrate; 

u indicates  a metastable assemblage (see tex t ) .  
a These points are t0.07 ma. 



Table  2. Pressure-Temperature mn8. 
~~~ ~~ 

Camposit ion P T 
mole X NH3 GPa K Direct ion Phases  

* O m  1 fO 03 fl of Approach P r e s e n t  

0.0 1.04 

1 e06 

1.43 

1.40 

1 e 4 0  

0.99 

2.06 

2-44 

2.36 

3.01 

3.07 

3.37 

4.61 

3.30 

1.89 

2.17 

2.14 

2.09 

0.28 

0.44 

0.29 

0.32 

0.36 

0.33 

290 

313 

333 

352 

37 2 

250 

250 

267 

271 

293 

312 

333 

250 

251 

252 

257 

262 

267 

29 3 

293 

263 

253 

249 

254 

P t  

Tt  

T t  

Tt 

T t  

T+ 

P t  

Tt  

Tt  

Tt  

T t  

Tt  

PtT+ 

P+ 

P+ 

Tt  

T t  

Tt 

Tt  

- 
T+ 

T+ 

T+ 

Tt 

6 

6 

6 

1 

1 

CIL 

8 

0 

8 

7 

7 

7 

0 

8 

8 

6+8 

6 

6 

1 

1 

1 

PL 

3 

3 



0.0 2.03 

1.81 

1.88 

1.84 

1.79 

1.68 

1 e78 

1.92 

3.90 

3.87 

4.12 

4.20 

4.50 

3.32 

3.10 

2.99 

2.50 

2.43 

2.25 

2.03 

2.29 

2.04 

1.96 

2 009 

1.91 

2.01 

1.77 

29 3 

294 

30 2 

3 10 

29 4 

312 

317 

321 

29 3 

328a 

277 

263 

245 

247 

249 

261 

267 

270 

27 4 

276 

284 

292 

29 8 

298 

30 1 

295 

288 

Tt Pt 

- 
Tt 

Tt 

T+ 

Tt 

Tt 

Tt 

Pt 

Tt 

T+ 

T+ 

T+ 

P+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

PtTt 

Tt 

Tt 

Tt 

Tt 

T+ 

T+ P+ 

6 

6 

6 

6 

6 

6 

6+1 

6+1 

7 

7+1 

7+M 

8+M 

8+M 

8+D 

8+D 

8+D 

8+D 

8+D 

7+D 

u ( 7+D) 

7+D 

u (7+D) 

u (7+D) 

7+d+1 

u (7+L) 

7 

6 



5.0 

10.7 

1.88 

4.78 

4.21 

3.98 

4.20 

4.12 

3.74 

3.67 

3.58 

3.53 

3.18 

2.12 

2.64 

1-74 

1.91 

2.01 

1 a49 

1.49 

1.48 

1.52 

1 a48 

1 e48 

1.46 

1.54 

1.62 

1 a76 

1 e66 

28 2 

29 1 

29 1 

292 

292 

292 

29 2 

292 

293 

293 

29 3 

293 

293 

290 

252 

246 

245 

248 

253 

257 

262 

267 

27 1 

275 

280 

283 

245 

T+ 

Pt 

P+ 

P+ 

P+ 

P+ 

P+ 

P+ 

- 
P+ 

P+ 

P+ 

- 
Pt 

T+ 

T+ 

T+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

T+ 

6 

7+M 

7+M 

7+M 

7+M 

7+M 

7+M 

7+M 

7+M 

7+M 

7+D 

6+D 

7+D 

IJ ( 7+L) 

8+D 

8+D 

6+D 

6+D 

6+D 

6+D 

D+L 

1 

1 

1 

1 

1 

6+D 



10.7 1.80 

1-41 

1 a48 

l a 5 0  

1.38 

1.29 

1.27 

1 a32 

1.21 

0.82 

Om85 

0.90 

Om95 

0.95 

Om96 

1 a12 

1.11 

1.11 

1.11 

1-14 

1 a78 

1.77 

1 a67 

1 a 8 4  

1.97 

2.04 

1 094 

245 

245 

245 

253 

258 

262 

266 

271 

27 6 

246 

247 

249 

254 

258 

26 1 

265 

269 

273 

27 6 

280 

262 

268 

27 2 

276 

283 

286 

288 

P+ 

P+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

T+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

T+ t 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

6+D 

6+D 

6+D 

6+1 

6+1 

6+1 

6+1 

6+1 

6+1 

6+1 

6+1 

6+1 

1 

1 

1 

1 

1 

1 

1 

1 

6+dt1 

6+1 

6+1 

1 

1 

1 

1 



'. 

10.7 1.87 

1.76 

12.9 2.92 

2.50 

2.34 

2.50 

2.46 

2 50. 

2.45 

2.53 

2.54 

1.08 

0.98 

0.68 

0.60 

0.56 

0.58 

0.68 

0.68 

0.79 

0.79 

1.01 

1.06 

1.02 

1.11 

1.12 

1.08 

292 

297 

290 

290 

264 

253 

254 

259 

264 

267 

246 

246 

248 

249 

249 

248 

245 

245 

246 

248 

249 

249 

25 3 

257 

26 1 

267 

27 2 

Tt 

Tt 

Pt 

P+ 

T+ 

T+ 

Tt 

Tt 

Tt 

Tt 

T+ 

P+ 

Tt 

P+ 

- 
T+ 

Pt 

- 
Tt 

Tt 

Pt T+ 

Tt 

Tt 

Tt 

Tt 

Tt 

1 

1 

7+D 

7+D 

8+D 

8+D 

8+D 

8+D 

8+D 

8+D 

8+D 

6+D 

6+d+1 

5+1 

S+L 

S+L 

S+L 

5+6+D 

6+D 

6+1 

1 

6+D 

6+D 

6+D 

6+D 

6+D 

6+D 



12.9 1.17 276 

1.24 28 1 

Om60 29 3 

0.57 294 

15 00 1.95 290 

2 005 292 

2.12 293 

2.11 295 

2.10 - 29 8 

2.06 307 

1 m83 316 

1.96 307 

2.01 - 30 6 

2 055 299 

2.50 30 1 

2.49 306 

2.50 313 

2.40 314 

2.50 315 

2.58 318 

2.45 322 

2.53 327 

2.65 334 

2 005 292 

1 073 29 2 

1.70 285 

1.56 27 1 

Tt 

Tt 

Tt 

0 

Pt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

0 

Pt 

Pt T+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

T+ 

P+ 

T+ 

T+ 

L 

L 

L 

L 

6+D 

6+D 

6+D 

6+WL 

L 

L 

L 

IwL 

D+6 

7+D 

7+D+L 

7+L 

7+L 

7+L 

7+L 

L 

L 

L 

L 

7+D 

D+L 

Iw6 

6+D 



20.0 

15.0 1.63 

0.41 

0 003 

0.02 

0.23 

0.13 

0.17 

0.32 

0.35 

2.78 

3 009 

2.94 

2.76 

2.85 

2.78 

2.86 

2.78 

1.70 

1 a77 

1.74 

1.75 

1 078 

1.92 

2.43 

2.35 

1.44 

2 004 

258 

249 

24 8 

249 

254 

259 

263 

268 

276 

294 

294 

294 

29 4 

297 

302 

312 

333 

293 

294 

300 

306 

313 

326 

341 

34 2 

292 

29 2 

T+ 

P+ T+ 

- 
Tt 

T t  

T t  

T t  

T t  

T t  

P t  

P t  

P+ 

P+ 

T t  

T t  

T t  

T t  

T+Pt+t  

T t  

T t  

T t  

T t  

T t  

T t  

- 
T+ 

Pt+  

6+D 

v (6+D) 

l+L 

l+L 

L 

L 

L 

L 

L 

7+D 

7+D 

7+D 

7+D 

7+D 

7+D 

D+L 

L 

6+D 

6+D+L 

D+L 

L 

L 

L 

L 

L 

V L  

6+D 



20 00 1.97 

2.08 

1.97 

0.37 

0.63 

0.42 

0.28 

0.48 

0.59 

0.64 

0.79 

0.71 

0.71 

0.99 

1.18 

1.14 

0.27 

0.43 

0.17 

0.39 

0.32 

0.46 

0.48 

0.53 

0.82 

1.04 

0.89 

29 2 

292 

292 

293 

252 

248 

249 

253 

259 

263 

268 

273 

278 

283 

287 

289 

248 

248 

250 

253 

258 

264 

268 

273 

27 7 

286 

290 

P+ 

P+ 

P+ 

P+ 

T+ 

T+ 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

T+ 

- 
Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

Tt 

6+D 

6+D 

6+D 

L 

6+D 

6+D 

D+L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

D+L 

D+L 

L 

L 

L 

L 

L 

L 

L 

L 

L 



25.0 4.64 

4.24 

3.87 

3.31 

3.32 

3.21 

2.21 

2.41 

2.02 

1 e66 

1 e82 

1 083 

1 e97 

1.94 

1 .87 

1.72 

1.74 

1 e08 

1 e24 

Om85 

0.40 

14.66 

le77 

1.70 

1.10 

1.16 

le17 

29 4 

293 

29 3 

293 

293 

293 

29 3 

293 

292 

294 

298 

304 

307' 

312 

32 1 
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Notes to Table 2 :  

8 - Ice VIII; D - ammonia dihydrate; l4 - ammonia monohydrate; L - liquid. 
u indicates a metastable assemblage (see text). 

Phases: 1 - Ice Ih; 3 - Ice 111; 5 - Ice V; 6 - Ice V I ;  7 - Ice VII; 

a Temperature approximate; ace discussion in text. 
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LEGEND: 
0 Liquid 

e Dihydrate 
@ Monohydrate 

Water Ices 
0 Ice 1.h 
0 Ice Ill 
0 Ice V 

Ice VI 0 ' .e,* 

e9 Ice VI1 
@ Ice VIII 

Ammonia Hydrates 
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